Imaging fluorescent markers with brightness, photostability, and continuous emission with auto fluorescence background suppression in biological samples has always been challenging due to limitations of available and economical techniques. Here we report a new approach, to achieve high contrast imaging inside small and difficult biological systems with special geometry such as fire ants, an important agricultural pest, using a homemade cost-effective optical system. Unlike the commonly used rare-earth doped fluoride nanoparticles, we utilized nanoparticles with a high upconversion efficiency in water. Y O : Er , Yb + + nanoparticles (40-50 nm diameter) were fed to fire ants as food and then a simple illuminating experiment was conducted at 980 nm wavelength at relatively low pump intensity 8 kW.cm −2 . The locations were further confirmed by X-ray tomography, where most particles aggregated inside the ant's mouth. High resolution, fast, and economical optical imaging system opens the door for studying more complex biological systems. Milliron, B. E. Cohen, and P. J. Schuck, "Engineering bright sub-10-nm upconverting nanocrystals for singlemolecule imaging," Nat Nano 9(4), 300-305 (2014). 3599-3602 (2015). 15. G. Chen, H. Qiu, P. N. Prasad, and X. Chen, "Upconversion nanoparticles: design, nanochemistry, and applications in theranostics," Chem. Rev. 114(10), 5161-5214 (2014). 16. J. Chen and J. X. Zhao, "Upconversion nanomaterials: synthesis, mechanism, and applications in sensing,"
Introduction
Over the past decades, intensive efforts have been focused to develop effective nanoparticles like fluorescent markers in biological imaging [1] [2] [3] . Most of the traditional fluorescent markers such as organic dyes and quantum dots exhibit high luminesce efficiency within the visible range when stimulated by high-energy lasers excitation. However their high-energy illumination causes the surrounding biological samples to emit light in the visible window, resulting in a significant auto-fluorescence which will reduces the sensitivity of using these fluorescent markers in deep tissue imaging [4, 5] . Enormous efforts have been made to overcome these autofluoresence limitations [6, 7] . Photoluminescence process in organic dyes and quantum dots have been found to be one of the best candidate solutions for the autofluoresence issues as bio-fluorescent markers in the biological tissues transparency window. Most of the upconversion fluorescent markers systems including upconversion organic dyes and quantum dots require high laser excitation intensity (typically~7 1 1 2 10 10 W.cm − − ), often resulting in serious damage of biological samples [8, 9] . Furthermore, upconversion organic dyes and quantum dot are also limited by photobleating, blinking, and toxicity [10] .
Lanthanide ions 3 Ln (Ln Er, Tm, Ho, etc.) + = doped upconversion nanocrystals (UCNPs) have been found to overcome many of the previous drawbacks of the upconversion organic dyes and quantum dots [11] [12] [13] [14] . The upconverting process of these UCNPs is based on sequential near-infrared photons absorption (excited states absorption) [15] enhanced by energy transfer from Yb ions, resulting in a desired luminescence emitted in a visible range. Due to long-lifetime in their metastable states (microsecond scale) [16] the intensity thresholds are the lowest of all upconversion emitters. These advantages make them more efficient compared to upconversion organic dyes and quantum dot. In addition, UCNPs also have shown high-contrast in x-ray imaging due to their large x-ray absorption coefficient [17] [18] [19] . Therefore, UCNPs can be used to accomplish fast and cheap optical bio-imaging whose absolute accuracy can be directly validated with x-ray imaging when desired.
To date, the commonly used upconversion nanoparticles 3 3 4 : , NaYF Er Yb
have been proposed to be one of the best upconversion nanoparticles due to their strong upconversion luminescence (UCL) and relatively good quantum efficiency when despised in organic solvent such as hexanes. However, their UCL and quantum efficiency drops when dispersed in water [8, 20] .Therefore they are not favorable in bioimaging application since water is the main concern in biological samples.
In the present research, southern fire ants (Solenopsis xyloni, Formicidae) were selected due to their importance in agriculture. To date, there was no alternative to effectively eliminate them from critical areas. Imaging upconversion nanoparticles could be included as a method to understand fire ants by study their habits and interactions. This would help for future work to find effective ways to definitively control such nuisance [21, 22] .
In this work, we synthesized water-based and highly crystalline with an estimated size range of ~40-50 nm. These nanoparticles were fed to fire ants as our biological model. We performed X-ray and UC fluorescent bioimaging of nanoparticles inside an ant's body using a relatively low excitation intensity of 2 8 kW.cm − at 980 nm in confocal scanning microscope setup and X-ray sources. We were able to clearly detect the upconversion luminescence emission and x-ray signals of nanoparticles inside ants which make these UCNPs multi-modal bio-probes. Y O Er Yb NPs was reported in our previous work [23] . The crystal structure of as-synthesized NPs was determined by advance X-ray diffractometer (Bruker) conducting at 40 kV, 40 mA. The transmission electron microscope (TEM, JEOL 1200 EX) and high resolution TEM (JEOL 1200 EX) were used to indicate the morphology of assynthesized NPs at both low and high resolution. California State University, Fresno, CA, individuals were extracted for experimentation. Isolated southern fire ants were placed in polystyrene boxes with sides covered with fluon to avoid their scape. In a first test, one group of southern fire ants was fed with a 10% honeywater + NPs solution at libitum, while a control group was fed only with 10% honey-water Fig. 1(a) . Since fire ants are recognized carnivorous insects, while contained in polystyrene boxes with fluon covered sides, another group was fed with mealworms previously fed with 10% Honey-water + NPs and positively tested for internal presence of NPs [23] , while a control group of southern fire ants was fed with mealworms fed with 10% honey-water only Fig. 1(b) . Micro-tomography imaging failed to detect NPs inside the digestive track and the coelom of the tested individuals fed with NPs in the 10% Honey-water diet. However, NPs could be clearly seen within the buccal cavity (Fig. 5 ). As previous research on social ants seems to suggest [24] hygiene and grooming behavior of fire ants might help to isolate foreign objects from their food not allowing them to be ingested which might explain that no NPs were found in other regions of the digestive system, except for the mouth. If we had been able to find NPs inside the coelom or other parts of the body, we would have expected them to be encapsulated by hemocytes as previous experiences indicate [23, 25] . 
Methods

Characterizations of
2.2
Confocal scanning microscopy setup
In this experiment we used a confocal laser scanning microscopy equipped with a 10x, NA = 0.26 mitutoyo microscope objective. Two fire ant specimens were fed with a solution containing Y O Er Yb UCNPs, and placed on a glass coverslip, were they were excited with 980nm laser source filtered by a short-pass filter (800 SP) (Fig. 2) . The laser intensity was 2 8
. .
− kW cm The UCL was collected with a homemade spectrometer equipped with a starlight camera (Trius camera model SX-674). Two dimensional Images scanned with a galvoscanner were recorded using a photon counter (Hamamatsu photon counter model number H7155-21) as shown in Figs. 5(a) and 5(b). Compared to typical costly commercial imaging systems, the main advantage of this system, it can be modified and accessible efficiently for further research investigations in this imaging field or other related projects without restrictions. Furthermore, this homemade imaging system is cheap and fast to be built from scratch for limited funding research groups. Fig. 2 . Schematic drawing of a confocal laser scanning microscope setup consisting of a 4f imaging system, a photon counter, and a spectrometer. nanoparticles spin coated onto a microscope coverslip and covered with a water droplet, were placed in a confocal scanning microscope as shown in (Fig. 2) . The nanoparticles were excited with 980nm laser source filtered by a short-pass filter (800 SP). The laser intensity was varied from (0.5-2 8) kW.cm − The corresponding upconversion luminescence spectra (UCL) with strong green emission centered at 550nm and weak red emission centered at 650nm were collected with a homemade spectrometer equipped with a starlight camera (Trius camera model SX-674) and presented in Fig. 3(c) . The In order to fully understand the upconversion emission spectrum, we will discuss the physics behind this unique upconversion process of nanoparticles which expected to reveal a strong upconversion luminescence. Figure 4(b) shows a distribution of the UCNPs peaked at (40-50nm) particle size corresponding to that shown in Fig. 4(a) . The particle size was recorded using Dynamic Light Scattering (DLS) system (Malvern Instruments) equipped with 50 mW, 660 nm red laser. 
Results and discussion
Upconversion emission of
TEM image and particle size measurements of
Optical imaging of
upconversion nanoparticles as bio-probe inside fire ants
The primary goal of this experiment was to obtain high-contrast images of Y O : Er ,Yb + + upconversion nanoparticles as explained in detail in the Methods section. Optical images of the fire ants were carried out by using a homemade confocal scanning microscope. The fire ant specimens were placed on a glass coverslip on top of 10x, NA = 0.26 mitutoyo microscope objective, where they were excited with a 980nm laser illumination source filtered by a short-pass filter (800 SP). The laser intensity was Noted that we conducted characterization as soon as we fed the ants such that most particles were expected to be in the head area especially in the ant's mouth and started to enter into the body. We have observed using tomography in our recent studies [23] that NPs entered mealworm and were quickly transferred through their guts. In this study we wanted to see if the laser system works on insects, fire ants which have hard shell and complicated geometry of their heads which behave as a lens and pose challenges for the laser beam to focus and penetrate into the body .So we didn't carry on extended study of particles transfer into ants. The evidence of nanoparticles (chemical state) inside the body was proven by the tomography images shown in Fig. 6 in section 3.4. Furthermore, the effects of NPs on ants would be done to observe how insects behave once they were fed with NPs. Since this work focuses on the feasibility of the laser system, our goal (desire) is to see the particles through their body shells, in particular their head shells that are hard and thicker than other part of the body. We performed a signal to noise ratio (SNR) measurements during scanning the fire ants samples with 980 nm laser, and then found the SNR ratio is about(250/k.counts signal from the nanoparticles to 10/ k.counts from the fire ant body). We can attribute this high contrast images to the excellent quality of well crystallized nanoparticles which reveal strong upconversion luminescence, non-photobleaching, and non-blinking in water-based biological samples such as fire ants. I ground state. Interestingly, the upconversion luminescence spectra appeared to be slightly different, even though they are accumulated from the same particles, the size of the ants are not identical. This change could be attributed to the upconversion nanoparticles' temperature sensitivity, where UCNPs have been used in optical temperature sensing [28, 29] . Especially, temperature in biological sample can be measured by calculating the ratio of (520 nm and 550 nm emission peaks) of UCNPs doped with erbium and using Boltzmann distribution [30] . UCNPs can be used to accomplish fast and cheap optical bio-imaging whose absolute accuracy can be directly validated with x-ray imaging when desired. These high contrast images were scanned by a 2D galvoscanner and emitted light collected by a photon counter. The inset presents photo luminescence (PL) spectra of the UCNPs in the green spots. 
Conformation of imaging
upconversion nanoparticles inside fire ants using synchrotron radiation micro X-ray computed tomography (SR-µXCT)
After achieving high contrast images of the UCNPs inside fire ants using an optical system, it was necessary to confirm that the nanoparticles are actually inside the body of the fire ants. Two fires ants from the same colony of southern fire ants were extracted and scanned using synchrotron radiation micro X-ray computed tomography (SR-µXCT). Details about this technique have been reported in our previous work [23, 31] . The locations of the upconversion nanoparticles inside the fire ants' body were confirmed by performing three dimensional X-ray imaging. The distribution of lanthanide-doped yttrium( 
